High density polyethylene (HDPE)/reduced graphene oxide (RGO) nanocomposite bars were prepared by injection molding and the effects of RGO on the HDPE matrix were investigated. Differential scanning calorimetry results demonstrated that RGO was an effective nucleation agent for HDPE. Two dimensional wide angle X-ray diffraction (2D WAXD) results showed that the incorporation of RGO enhanced the degree of orientation of HDPE crystals in the flow direction but had no influence on the crystal structure of HDPE. Two dimensional small angle X-ray scattering (2D SAXS) results confirmed that the orientation of HDPE chains in the flow direction was enhanced with the increase of RGO content, which was attributed to the fact that RGO obstructed the motion of polymer chains. These results indicated that the incorporation of RGO can enhance the crystallization and orientation of the HDPE matrix, resulting in the improvement of mechanical properties.
Introduction
Due to its excellent characteristics such as good physical and mechanical properties, chemical resistivity, gas barrier property, easy processing, and its low cost, HDPE has been widely used for lm products, plastic products, hollow products, pipe products, ber products, cable products etc. [1] [2] [3] However, further extension of the applications of HDPE has been limited by its mechanical properties. [4] [5] [6] Therefore, improving the mechanical properties of HDPE is an issue to be solved urgently. 5, 6 Nanocomposite materials in the past decades have attracted scientists' great attention as a promising novel class of materials, which can enhance properties signicantly at very low loadings owing to their unique properties and numerous potential applications with greatly increased specic interfacial area. [7] [8] [9] [10] [11] It is well known that carbon based llers, such as diamond and graphite, can particularly enhance the crystallization, orientation and mechanical properties of semi-crystalline polymer. 12 Drzal group showed that nanoparticle was a potential nano-reinforcement and it, as a 0 dimensional (0 D) point, could interact with the polymer matrix in improving the mechanical properties. [13] [14] [15] Carbon nano tube (CNT), as 1 dimensional (1 D) material of graphite family, has also been proved that it could spectacularly reinforce the mechanical properties of HDPE matrix. [16] [17] [18] However, using carbon nanotubes in nanocomposite still contains many unresolved issues such as low interfacial interactions with the polymeric matrix.
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Graphene as the rst 2D counterpart of graphite with single sheet was widely used. [20] [21] [22] [23] [24] It can also work as ller. 25 It is also found to be the strongest material up to now. 26 A lot of studies showed that graphene could improve the mechanical properties of polymers. [27] [28] [29] It is well known that the mechanical properties of polymer/nanoller composites strongly depend on the interaction between polymer and nanoller. Great efforts have been devoted to improve the interaction between graphene and polymer matrix. [30] [31] [32] However, most researches still use the common methods of other polymer/inorganic nanocomposites to improve the interface adhesion, 33 seldom make the best use of the structure character of graphene and its matching relationship with polymer structure. The researches using nondestructive physical modication methods to increase the interface adhesion between polymer and graphene are less, and the studies about interfacial crystallization to enhanced interaction of polymer/graphene nancomposites are much less. Petermann et al. reported that epitaxial interfaces with strong adherence were responsible for the improvement of the mechanical properties of semicrystalline polymers. [34] [35] [36] Fukumaru 52 reported that effective interfacial interaction between the polybenzoxazole and CNT could improve the mechanical properties of polymer matrix. 37 In our previous work, the yield strength and Young's modulus of poly(e-caprolactone) (PCL)/ RGO nancomposites with epitaxial interaction were improved compared with pure PCL.
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It is well known that epitaxial crystallization of polymers onto various polymeric substrates, since the early 1980s, has been an extremely active subject in the eld of polymer science. [40] [41] [42] It is generally accepted that the occurrence of polymer epitaxy is based on some certain crystallographic matches, e.g., a coincidence of unit cell dimensions, and the highest limit for the occurrence of the epitaxial growth is assumed to be 15%. 43 Previous literature showed that polyethylene could epitaxial crystallized on graphene surface, and the mismatch rate was À5.0%. 44 Moreover the melting point of HDPE is much higher than that of PCL, which may resulting in different enhancement of mechanical properties. Therefore HDPE was chosen as a model polymer to study the epitaxial crystallization on RGO.
In this work, we take advantage of the polymer epitaxial crystallization on RGO to improve the interfacial interaction between RGO and HDPE, and study the inuence of epitaxial crystallization on the mechanical properties of polymer matrix. The WAXD and SAXS measurements were used to investigate the reinforcement effect and structural mechanism. 
Experimental

Sample preparation
GO was exfoliated by ultra-sonication from graphite oxide which was produced by modied Hummers' method. 45 RGO was prepared by thermal exfoliation and reduction of GO. 46 The standard bars of HDPE/RGO nanocomposites of 50 mm Â 4 mm Â 2 mm in size with different RGO contents (0, 0.1, 0.5 and 1.0 wt%) were melt mixed using HAAKE MiniLab. The melt temperature, the screw speed, mold temperature and injection pressure were preset at 180 C, 80 C, 80 C and 650 bar, respectively.
Analytical methods
Tensile test was performed on Instron 5567 at a tensile rate of 50 mm min À1 . Five standard bars for each sample were measured and the average values were calculated. Differential scanning calorimetry (DSC) measurements were performed with Perkins Elmer DSC8000 under nitrogen atmosphere. All samples were rst heated to 180 C at a heating rate of 10 C min À1 , and equilibrated at 180 C for 5 min to remove thermal history. Subsequently, the samples were cooled to 30 C at a cooling rate of 10 C min À1 . The crystallinity of the HDPE in mass fraction, X c , was calculated as follow:
where DH is the melting enthalpy of per gram of sample and DH 0 m is the enthalpy of crystallization per gram of 100% crystalline HDPE, which is equal to 293 J g À1 .
2D WAXD experiments were carried out on the BL16B1 beam-line in the Shanghai Synchrotron Radiation Facility (SSRF). WAXD curves were collected from the 2D WAXD patterns. The wavelength of the monochromatic X-ray was 1.24 A. The 2D diffraction patterns were recorded in transmission mode at room temperature.
2D SAXS experiments were carried out on the BL16B1 beamline in the SSRF. The 2D patterns were recorded in transmission mode at room temperature and the sample-to-detector distance was 2000 mm.
The SAXS and WAXD data analysis were performed out by using the Fit2d soware package. 47 The lamellae parameters derived from the SAXS data is named the long period L. It can be calculated according to the Bragg equation:
q* represents the peak position in the scattering curves.
Results and discussion
Mechanical properties
In order to investigate the inuence of epitaxial crystallization on the mechanical properties of polymer matrix, tensile test was employed. Fig. 1 shows the stress-strain curves of pure HDPE and HDPE/RGO nanocomposites with different RGO contents and the inset shows the magnication around the yield point. It can be observed that the composite sample tends to reach the upper yield point with the increase of RGO contents. The effect of RGO content on the mechanical properties is shown in Fig. 2 
Crystallization and orientation of HDPE/RGO nanocomposites
The DSC heating curves of neat iPP and iPP/RGO nanocomposites with different RGO loadings are shown in the Fig. 3a . The degree of crystallinity calculated from formula (1) is 62.5%, for pure HDPE, but the values increase to 56.1%, 57.0% and 58.4% as the RGO contents from 0.1 to 0.5, 1.0 wt%. These results are not agree with our previous work. 39 For the degree of crystallization decrease with 0.1 wt% RGO contents compare with the pure HDPE, we speculate that the incorporation of RGO destroys HDPE original lamellae and form smaller lamellae. While HDPE chains can be absorbed on the RGO surface and grow into crystals at the cooling process because of epitaxial crystallization. With the increase of RGO contents, the orientation degree of HDPE chains is enhanced. And the degree of crystallization of nanocomposite increases. The DSC cooling curves of pure HDPE and HDPE/RGO nanocomposites with different RGO contents are presented in Fig. 3b . The crystallization temperature (T c ) is around 110 C for pure HDPE, while the T c progressively shis to high temperature with the increase of RGO contents from 0.1 wt% to 1.0 wt%. For example, it increases to 113 C for HDPE/RGO-1.0 nanocomposites. These results indicate that RGO can signicantly enhance the nonisothermal melt crystallization of HDPE.
WAXD analysis
The nal properties of the injection molded bars are closely linked with the orientation of the lamellae in the nanocomposites. Fig. 4 gives the 2D WAXD patterns of injectionmolded bars of pure HDPE and HDPE/RGO nanocomposites. From inner to outward, the diffraction circles are designated to the (110) and (200) crystal planes of polyethylene crystals, respectively. The corresponding WAXD curves of samples corresponding to (110) and (200) crystal planes, respectively, suggesting that the crystal structure of HDPE remains unchanged despite the presence of RGO in the HDPE/RGO nanocomposites. It can be found in Fig. 4 that two isotropic circles are observed for pure HDPE, while two weakly focused diffraction focused arcs are found in the HDPE/RGO nanocomposites. The differences in the patterns demonstrate an enhancement of the crystalline orientation and an improvement of anisotropic degree of diffraction arcs with the increase of RGO content. It can be observed more clearly the inuence of RGO on the crystallization of HDPE through 3D WAXD patterns shown in Fig. 6 . With the increase of RGO content, the intensity of the two crystal plane diffraction rings are strengthened perpendicular to the sample injection ow direction and became less parallel to the injection ow direction. The differences in the 3D WAXD patterns indicate that the strong interaction between RGO and HDPE leads to more chain orientation and crystallization and the increase of RGO contents may hinders the relaxation of chains between HDPE and RGO during the orientation and crystallization process. The 2D SAXS patterns from melt-crystallized isotropic samples typically display a strong scatting ring and one or two higher orders of much lower intensity. The SAXS pattern of an oriented sample typically displays strong two-point patterns with a maximum in the draw or ow direction or within certain angle about the reference direction.
48 Fig. 7 shows 2D SAXS patterns of pure HDPE and its nanocomposites. An almost isotropic reection circle and two small scattering spots are observed in pure HDPE (Fig. 7a) . For HDPE/RGO nanocomposites, small scattering spots gradually become bulbshape lobes in the meridian direction with the increase of RGO. Moreover, the scattering disks change from circular ring for pure HDPE to elliptical ring for HDPE/RGO nanocomposites. It is different from our previous work that the PCL/ RGO nanocomposites have no periodic structure in center part. 38 The result seems to indicate that more HDPE chains can epitaxial crystallize on the RGO surface than PCL. We can clearly observe the periodic structure at the center of the patterns for HDPE/RGO nanocomposites. The center of pure HDPE has no periodic structure, but with the increase of RGO contents, scattering pattern of direction in the equator and meridian direction the periodic structure are both enhanced. The changes of two parts of pure HDPE and its nanocomposites can be observed through 3D SAXS patterns (Fig. 8) . Obviously, the scattering intensity of both ends is enhanced at the ow direction, at the same time the scattering intensity of the center is strengthened with the increase of RGO contents.
In order to investigate the orientation and periodic structure of HDPE matrix, SAXS intensity proles of pure HDPE and its nanocomposites are further presented. Fig. 9a shows azimuthally integrated proles of all samples. It can be observed that two weak peaks in pure HDPE parallel to the sample injection ow direction, which implies that the ow eld can promote the orientation of HDPE crystals. The orientation degree of HDPE chains is enhanced signicantly in the meridian direction and increased with the increase of RGO content. Fig. 9b shows the radially integrated proles of meridian direction, the sharp peaks reect the center part in the 2D SAXS patterns and the at peaks reect the scattering outer ring which are used to calculate the long period of HDPE matrix using the eqn (2). Apparently, for the two bulb-shape lobes all samples have the same long period calculated to be about 22.4 nm, suggesting regular aligned crystal lamellae in HDPE matrix. The q value of intensity valley (solid line in Fig. 9b ) increases with the addition of RGO. These results indicate that the orientation of polymer chains is enhanced with the incorporation of RGO and the thickness of periodic structure increase. 
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In our previous work, Wang et al. proved that RGO could induce PCL chain epitaxial crystallization on the surface, and the chains in the epitaxial crystallized lamellae were parallel to the ow direction in injection process. 38 On the basis of the aforementioned results in this paper, it can be concluded that the similar structural results are obtained in HDPE/RGO nanocomposites. Chen et al. reported that in the polymer/ CNT composites, the CNT could preferentially orient parallel to the drawing direction in the stretched. 49, 50 Similarly, the RGO sheets could orientation in thee ow direction, during injection process. The mechanism is thought to be similar to that of PCL/ RGO nanocomposites in our previous work and it can be sketched as follows. Intensive shear ow during injection process not only leads 2D layered RGO sheets to the parallel orientation along ow direction but also stretches HDPE chains to high orientation even to extended form along same direction. Hu et al. proved that the relaxation of polymer chains would induce the loss in mechanical properties. 51 Paralleled 2D layered RGO sheets restrict the rapid mobility of HDPE chains resulting in delayed relaxation of oriented polymer chains. HDPE chains can be absorbed on the RGO surface and grow into crystals at the cooling process because of epitaxial crystallization. It is worth mentioning that the c axis is not completely paralleling to the ow direction on the basis of WAXD results above because the periodic structure of RGO is along three directions with the intersection angle of 60 . It should be noted that there seems more epitaxial crystallized crystals in HDPE/ RGO nanocomposites compared to PCL/RGO nanocomposites from the SAXS result mentioned above. It is known that the epitaxial crystallization is due to the lattice matching between RGO and polymer lamellae. Therefore the quantities of epitaxial crystallization on the surface of RGO during the injection process are generally determined by the lattice matching. The lattice mismatch R between an epitaxial crystal and a substrate crystal can be calculated as follows
were d E and d S are spacings of 2D lattices at the interface of the epitaxial crystal and the substrate crystal, respectively. The aaxis of RGO was measured to be 0.246 nm. 52 Previous literature showed that the mismatch rate between polyethylene and graphene was À5.0%. 53 According to the crystal cell of PCL, 54 the mismatch rate between PCL and graphene was calculated to be (1.726 À 0.246 Â 7)/(0.246 Â 7) ¼ 0.2%. The epitaxial crystallization of HDPE on RGO is weaker than that of PCL only considering the mismatch rate. But it cannot be ignored that the calculation of mismatch rate between PCL and RGO above is based on seven periods and ester group in PCL chain seriously destroys the match between C-C and RGO. That more epitaxial crystallized crystals are obtained in HDPE/RGO nanocomposites may be attributed to the combination of the two above reasons. It is worth noting that the increase of mechanical properties of PCL/RGO nanocomposites is slightly higher than that of HDPE/RGO with same weight ratio RGO. It is may be due to that the affection of epitaxial crystallization on RGO on the mechanical properties of PCL is slightly higher because the mechanical properties are measured at room temperature which is near to the melting point of PCL compared to HDPE. According to the above analysis, the improvement in mechanical properties can be summed up in two aspects: one aspect is the natural excellent strength of graphene, 55 another one is speculated be attributed to epitaxial interaction between RGO and HDPE as the results exhibited above.
Conclusions
The effects of RGO on the crystallization and orientation of HDPE matrix in HDPE/RGO nanocomposites have been investigated by DSC, SAXS and WAXD measurements. The crystalline peak moves to the high temperature with the increase of RGO contents, indicating that RGO can signicantly enhance the melt crystallization of HDPE. Though low orientation level of the matrix crystalline phase is observed in all nanocomposites but the WAXD results indicate that RGO can enhance the crystalline orientation of HDPE in the injection-molded bars. SAXS results suggest HDPE chains can be absorbed on the RGO surface and grow into crystals at the cooling process, which induces HDPE periodic structure increasing. This research is expected to be helpful for understanding the enhancement mechanism of layered nanoller on the structures and corresponding mechanical properties of semi-crystalline polymer lm or slice. To best understand the enhancement mechanism of polymer/layered nanoller nanocomposites, especially for the nanoller with space lattice matching to polymer, in situ structural evolution investigation during the stretching process of PCL/RGO and HDPE/RGO nanocomposites injection bars by online SAXS/WAXD measurements is ongoing.
